Abstract. Risk stratification of gastrointestinal stromal tumors (GISTs) by tumor size, lymph node and metastasis status is crucially affected by mitotic activity. To date, no studies have quantitatively compared mitotic activity in hematoxylin and eosin (H&E)-stained tissue sections with immunohistochemical markers, such as phosphohistone H3 (PHH3) and Ki-67. According to the TNM guidelines, the mitotic count on H&E sections and immunohistochemical PHH3-stained slides has been assessed per 50 high-power fields of 154 specimens of clinically documented GIST cases. The Ki-67-associated proliferation rate was evaluated on three digitalized hot spots using image analysis. The H&E-based mitotic rate was found to correlate significantly better with Ki-67-assessed proliferation activity than with PHH3-assessed proliferation activity (r=0.780; P<0.01). A linear regression model (analysis of variance; P<0.001) allowed reliable predictions of the H&E-associated mitoses based on the Ki-67 expression alone. Additionally, the Ki-67-associated proliferation revealed a higher and significant impact on the recurrence and metastasis rate of the GIST cases than by the classical H&E-based mitotic rate. The results of the present study indicated that the mitotic rate may be reliably and time-efficiently estimated by immunohistochemistry of Ki-67 using only three hot spots.
Introduction
Gastrointestinal stromal tumors (GISTs) are amongst the most common types of non-epithelial tumors of the gastrointestinal tract with an annual incidence of one or two cases per 100,000 individuals. In ~80% of the cases, patient age is between 55 and 65 years with a slight male predominance (60, vs. 40%) (1, 2) .
Prognostic risk stratification is based on conventional tumor characteristics, such as tumor size, involved lymph nodes and metastases (according to the 7th TNM guidelines) (3) . Additionally, the mitotic activity on hematoxylin and eosin (H&E)-stained slides discriminates low and high mitotic GISTs (4) . However, it is time-intensive to screen the recommended 50 high-power fields (HPFs) in the pathologist's daily workflow, and the corresponding area (mm 2 ) depends on the microscope setup, which is often not calibrated. The interobserver quality for the detection of mitosis is poor in GISTs and soft tissue sarcoma (5, 6) , since the mitotic figures are extremely heterogeneous and variably distributed. A useful approach is to detect mitosis with cell cycle markers, such as Ki-67 and phosphohistone H3 (PHH3), which highlight cells in all mitotic phases [without G0 (7) or in the late G2 and M cell cycle phases, respectively (8) ]. However, instructions for the evaluation of proliferation based on immunohistochemistry (IHC) currently use heterogeneous cut-off values (9) , semi-quantitative scoring of positive cells (10) or counting of 1,000 cells (11, 12) . Thus, a definitive method of cell counting remains to be established (13) or is unrealistic for the pathologist's workload. Combining an automated image analysis with quantification tools, standardized instructions may simplify and accelerate the assessment of the mitotic rate in GISTs and other tumors. Therefore, the current study quantitatively investigated the PHH3-and Ki-67-based mitotic/proliferation activity in GISTs, using IHC and automatic image analysis, to estimate the H&E-based mitosis rate by a linear regression model. Ethics. The present study was conducted following our national and institutional guidelines, as well as in accordance with the Declaration of Helsinki (1964). Based on the retrospective nature of this study and full anonymization of the patient data, the current study was not subject to formal approval of the appropriate local ethics comitee.
Robust linear regression model of
Statistical analysis. Statistical analysis was performed using IBM ® SPSS ® 20.0 (IBM Corporation, New York, NY, USA). Kendall's rank two-tailed test, Spearman's rank correlation test and a linear regression analysis were used for correlation analysis and for the development of a prognostic model for the mitosis rate on H&E sections. The distribution of mitosis and proliferation rate was analyzed by Kolmogorov-Smirnov test as well as by Monte Carlo sequence analysis. The interobserver agreement for mitosis rate on H&E sections was calculated using the κ-statistic. The Wilcoxon signed-rank test/Student's t-test and univariate analysis of variance (ANOVA) were applied for differences between two or more groups of tissue samples, respectively. For survival analysis, cases with a missing date of mortality were excluded. Univariate survival analysis was performed by the Kaplan-Meier method comparing the survival curves with the log-rank test. P<0.05 was considered to indicate a statistically significant difference. Table I , the majority of the 154 GISTs were of gastric origin (n=96; 62.3%) with a mean tumor size of 4.90±3.81 cm [mostly pT2 according to TNM (3)], and predominantly with spindle-shaped cell pattern (n=92; 59.7%), low mitotic activity (4) and affecting more females (n=91; 59.1%) than males.
Results

Patient characteristics and their association with H&E-based mitosis rate and PHH3-/Ki-67-based mitotic/proliferation count. According to
Assessment of the mitotic and proliferation rate revealed a significant increase between the observed H&E-stained mitotic rate and the PHH3-based mitotic rate and, particularly, the Ki-67-based proliferation rate (P<0.001), whereby the calculated range was relatively high as reflected by the standard deviation (Table I) . Overall, no normal distribution of mitotic and proliferation rate was observed (Kolmogorov-Smirnov test). Additionally, the H&E mitosis rate revealed a random distribution (for ~96% of the GIST cases; Monte Carlo sequence analysis). The interobserver agreement for detection of H&E mitosis was moderate (κ=0.562).
The mitotic/proliferation rate differed significantly between spindle-shaped and epithelioid morphologies (ANOVA; P<0.05). Furthermore, comparison of the clinical and morphological results revealed a significant difference in H&E-based mitosis and Ki-67-based proliferation rates (ANOVA; P<0.05) between T1 and T3 stages, whereas no differences in mitosis and proliferation were observed with regard to primary tumor localizations.
Correlation analysis of mitotic and proliferation rate.
Correlation analysis highlighted a significant correlation between H&E-based mitosis rate and PHH3-(Pearson's product moment correlation coefficient; r= 0.457; P<0.01) or Ki-67-based proliferation status per 50 HPFs or mm 2 , respectively (r=0.780; P<0.01).
Linear regression model for H&E mitotic rate. Linear regression analysis reached high significance levels (ANOVA; P<0.001) with a combination of the two IHC markers or Ki-67 alone, whereas the highest significance levels for the intercept term and slope value of the linear regression were reached using the Ki-67 expression analysis per mm 2 using the following equation: f(x) = 0.084x -6.328 (Table II and Fig. 1 ). Using the published cut-off of 5 per 50 HPFs, discriminating GISTs with low (<5 per HPF) and high (>5 per HPF) mitotic rates (4) as variables, the equation was re-calculated as follows: 5=0.084x -6.328, where x= 134.8 per mm 2 . Therefore, GISTs with low or high proliferation rates may be classified with a threshold value of 134.8 Ki-67-positive cells per mm 2 and this mathematical model may be used for the rapid calculation of the H&E-based mitotic rate.
Correlation between recurrence, metastases and survival, and mitotic and proliferation rates. The statistical analysis of the rate of recurrence and metastases indicated that Ki-67 exhibits a higher prognostic impact on the recurrence and metastases of GISTs compared with pHH3 or H&E (P<0.01; Table III) . Although the Kaplan-Meier survival analysis revealed no d associated with the number of cells per three HPFs (magnification, x400), counted by the particle analysis module (ImageAccess 9 Enterprise). GIST, gastrointestinal stromal tumor; H&E, hematoxylin-eosin, HPFs, high-power fields; PHH3, phosphohistone H3; SD, standard deviation; T, tumor. Fig. 2) , the statistical analysis showed by trend an improved prognosis based on the image analysis of only three hot spots of Ki-67 IHC in Ki-67-low cases. Table II . Overview of applied linear regression models for H&E mitotic rate. 
A B Discussion
The quantitative investigation of mitotic and proliferative activity in 154 GISTs revealed the following: i) H&E-based mitotic activity correlates better with Ki-67-based proliferation than with PHH3-based mitotic status; and ii) we provided a mathematical model for H&E-associated mitotic rate assessment based on Ki-67 IHC on three hot spots per mm 2 . As consensually discussed (4), the prognosis of GIST depends on location, size and mitotic activity. For mitotic activity particularly, it is currently recommended to analyze 50 independent HPFs, which is a rather time-consuming approach. The interobserver κ-values of mitosis are poor for GIST (as demonstrated in the present study) or other soft tissue sarcomas, and even lower for other markers of mitotic/proliferative activity (5, 6) . This is possibly caused by a non-standardized definition of mitosis, as previously suggested by Miettinen and Lasota (13) . As mitoses on H&E staining are randomly distributed throughout the 50 HPFs in >95% of GIST cases, an investigation of only 10-20 HPFs is likely to result in considerable sampling errors. Additionally, HPF size depends on the microscope used and is not usually described in the diagnosis report.
As PHH3 and Ki-67 marked higher proportions of mitotic cells, the investigation of 50 HPFs in 154 GIST cases (i.e. 7,700 HPFs) yielded a calculating prediction model for H&E-based mitotic rate by PHH3 and/or Ki-67. The present study defined a cut-off value of 134.8 Ki-67-positive cells per mm 2 for discriminating low versus high proliferative GISTs, according to the TNM classification. Currently, no standards for the quantification of Ki-67 have been accepted or recommended (13) , as available published data describe only semi-quantitative (9,10) or impossible approaches (11, 12) . Notably, Ki-67 exhibits an improved prognostic value compared with PHH3 on the rate of recurrence and metastasis of GIST. This supports the impact of the quantitative assessment of Ki-67-associated proliferation as shown in other tumor entities, such as breast cancer or malignant melanoma (17, 18) .
Nevertheless, the recommended method must be validated by further studies prior to replacing the classical histological study of the mitotic index in GIST. Using the formula developed in the current study, a (semi-) automatic imaging and image analysis system is likely to provide an alternative and more rapid and reliable (based on three IHC hot spots) assessment of the mitosis rate in GISTs compared with the time-consuming H&E-based approach.
